Vibrational modes of 24 clarinet reeds have been observed in both dry and wet conditions using holographic interferometry. Results have been compared with the ''musical quality'' of the reeds as judged by two professional clarinet players. An excellent correspondence has been demonstrated between specific vibrational behavior and musical quality. The results suggest that the presence and symmetry of a strong first torsional mode are indicative of good or very good musical quality. A second, but less stringent quality criterion is the proximity of frequencies corresponding to the second torsional and the second flexural mode. This proximity leads to the creation of mixed vibrational modes for the very best of the investigated clarinet reeds.
I. INTRODUCTION
The clarinet is a single-reed woodwind instrument. The reed is a small slice of natural cane or synthetic material put into vibration when the musician is blowing air into the instrument. The important role of the lowest frequency reed resonance in sound production by single-reed instruments has been well established. 1 The acoustical significance of the reed's higher vibrational modes has been partly identified for a clarinet reed. 2, 3 Holography has been used to locate the corresponding frequencies and to image their vibrational patterns. Some vibrational modes were reported that are similar to the one-dimensional modes of a cantilevered beam. Other modes showed two-dimensional vibrations indicating some twisting motion. 3 To the best of our knowledge, however, no in-depth study has yet been reported relating the details of vibrational reed behavior to musical quality; i.e., there is no explicit information of how the vibrational mode patterns differ for reeds of different quality. For a professional musician, it is a rather simple and straightforward task to intuitively judge something as complex as ''musical quality.'' For a scientist, however, the same task becomes infinitely more complicated since it is far from trivial to relate musical quality to simple observable quantities. Obviously, it is not only the tip thickness, the reed flexibility, or the cane density that will determine the sound quality. The homogeneity of the reed material should certainly play a crucial role. However, how can nonlinear effects and details of the player's embouchure be considered in sound production and in musical quality measurements? In addition, it is known that a reed only obtains its optimal sound characteristics after a certain amount of use. In the absence of answers to most of those questions, reed manufacturers only test the global stiffness of their reeds in order to classify them before putting them on the market.
As a result, the selection of a clarinet reed becomes a daily problem for any clarinet player around the world. The normal use is to buy several boxes containing 10 reeds each and to hope that it is possible to find a couple of reeds that will give a satisfactorily good sound. Thereafter, of course, new trouble may rapidly occur if these ''good reeds'' experience changes in temperature or wetness, or simply as a result of aging due to being intensively played. The goal of the present study is, therefore, to find out if there are any elementary and reproducible criteria to judge the musical quality of clarinet reeds based on simple and objective measurements. In the following, an in-depth study in very close collaboration with members of professional orchestras will be presented and it will be shown that it is, indeed, possible to predict the normally intuitively determined musical quality from details of the vibrational behavior of the clarinet reeds as it can be visualized using, for example, holographic interferometry.
II. EXPERIMENT
The initial working hypothesis for this study was simply to assume that the ''musical quality'' of clarinet reeds is directly related to their vibrational behavior. In this manner, the professional clarinetists first classified a sample set of 24 reeds in four categories of musical quality ranging from ''very poor'' to ''very good.'' Then, the four or five lowest natural frequencies and vibrational mode patterns for each of those classified clarinet reeds were experimentally determined to examine whether or not it is possible to establish a simple relationship between details of vibrational properties and musical quality. 
A. Musical quality evaluation
To get a reliable classification of the clarinet reeds from a musical point of view, the expertise of two professional clarinet players from two of the finest standards in the world has been requested: the first one, Jerome Veragh, is super soloist with the French National Opera, and the second one, Arnaud Leroy, is soloist with the Orchestre de Paris. Considering that the first expert is used to playing V12 clarinet reeds from Vandoren with a stiffness grading of 3 1 2 , and that this is a widespread clarinet reed, we decided to pick a 24-sample set among four different boxes of those Vandoren reeds bought in a regular music-accessories store. Both musicians determined the musical quality of each reed in the set; i.e., they evaluated the resulting sound quality of their instruments as well as the ability and ease with which they could make the reeds vibrate along the whole spectrum of the clarinet. Both musicians tested the reeds using their own instruments, which were in fact identical: the RC model from Buffet Crampon. Accidentally, their mouthpieces were also the same: Vandoren model B40 with standard ligatures. The reeds were not scraped or modified in any way by either one of the musicians.
One very satisfying result was the fact that both musicians established quite the same classification for the provided reeds. This finding is very satisfactory since the second clarinetist ͑Arnaud Leroy͒ has quite different playing ''habits'' and normally uses clarinet reeds of the regular model from Vandoren ͑stiffness number 3 1 2 , which is considered less stiff than the equivalent V12-stiffness number͒. To some extent, he was to carry out a counterevaluation of the previous classification by his colleague. In fact, he proved to be able to evaluate perfectly both ability and ease in reed vibration, even though the reeds were often too stiff for him to play them for a very long time. From the initial 24-reed sample set, our experts agreed to classify four reeds as ''very poor,'' nine as ''poor,'' seven as ''good,'' and four as ''very good.''
B. Holographic setup
The total vibrating area of a clarinet reed fixed to the mouthpiece by its ligature is about 3 to 4 square centimeters, and the weight of the moving part in sound production is just a fraction of a gram. Due to this very low weight, the use of accelerometers becomes impossible and a natural choice for the experimental study is to consider holographic interferometry that combines the advantages of providing a highly refined representation of vibrational mode patterns and of being a noncontact technique. 4 The employed optical setup is shown in Fig. 1 . Isolation from external vibrations was assured by placing the ''homemade'' holographic table on three properly inflated motorcycle inner tubes. The coherent light source was a 5-mW He-Ne laser. A standard holographic Mach-Zehnder configuration with simple, standard optical components has been used to record the holograms. The reference beam was purified and expanded by a spatial filter consisting of a ϫ40 microscope lens and a 10-m pinhole. The object beam was expanded by a diffuse glass and its length was chosen to equal the optical path length of the reference beam at the holographic plate.
To record vibrational mode patterns of the reeds, the time average method was used. 4 For a sinusoidal movement with a maximum amplitude A of the object, the intensity distribution over the surface of the reconstructed object in the hologram, when the illumination time is much larger than the vibrational period, is given by:
4 I(x,y)ϰJ 0 2 ͓2AF(x,y) ϫ(cos 1 ϩcos 2 )/͔ where is the wavelength of the laser beam, J 0 is the zeroth-order Bessel function of the first kind, 1 is the angle between the direction of illumination and the direction of the displacement, 2 is the angle between the direction of displacement and the direction of observation, and F(x,y) describes the vibrational mode. Superposed on the hologram of the reed appears, thus, a set of dark and bright interference fringes following regions with equal vibrational amplitude. Nodal lines separate regions that are vibrating in phase opposition. The number of fringes is proportional to the amplitude of the motion. For most holograms, AGFA 8E75HD holographic plates were used and the optimal exposure time for this setup was determined by trial and error to be around 40 to 45 seconds. This means that the holograms were time averaged over roughly 100 000 cycles. Even for those relatively long exposure times, the simple vibrational isolation described above was totally sufficient. The vibrational patterns depicted in the following were obtained by photographing the virtual images of the recorded holograms.
C. Vibrational excitation procedure
As previously discussed, in the same way that the recording technique had to be a noncontact one, any classical method based on a direct mechanical excitation had to be avoided, as it would have introduced a highly dominating mechanical impedance. Therefore, a system providing a pure acoustical excitation was employed. To this end, the output of a low-frequency generator was amplified by a 50-W power amplifier that was connected to a high-fidelity loudspeaker. The only nonstandard arrangement was the addition of a 105-mm-diameter polypropylene tube glued on the wooden part of the speaker box just in front of the 100-mmdiameter cone to achieve two main goals: first, to concentrate the acoustical pressure on the reed during the exposure as the open end of the tube was only 5 mm away from the reed, and second, to drastically reduce perturbations on the holography table due to sound reflection off the walls of the experimental room. Instead of designing a special clamping device, a simple clarinet mouthpiece that offered an easy, safe, and reproducible way to hold the reeds in place was used for the recording of the time-averaged holograms. At the same time, this choice permitted the two professional clarinet players to play the reeds at any time again for further musical testing.
To find the natural reed frequencies, the reflection of a weak He-Ne laser beam from the reed surface on a white screen was observed while slowly scanning the spectrum of excitation frequencies. As soon as a resonance frequency was approached, this image became significantly perturbed. Due to both eye sensitivity and the maximum power of the amplifier, we concentrated on frequencies in the range from 400 to 7000 Hz in the present study. Once a resonance frequency was detected, the corresponding vibrational mode pattern was recorded using the holography setup described above. The excitation level was controlled by simply varying the output power of the amplifier. In Fig. 2 , the same reed at the same excitation frequency, but at three different levels of acoustical pressure is depicted: the maximum vibrational amplitude; i.e., the number of interference fringes, increases about linearly with acoustical excitation power.
III. RESULTS AND DISCUSSION

A. Dry reed conditions
A first series of experiments was carried out under dry reed conditions. Even if reeds are obviously wet when being played by a clarinetist, our goal was to investigate whether it was possible to predict the sound quality-as judged by a musician under realistic wet playing conditions-directly from dry reeds. In case the musical quality was more directly related to the vibrational mode patterns than to the absolute value of natural frequencies, it may not be required to test reeds in wet conditions that, of course, are much more complex to control during experiments.
All investigated reeds exhibited a first vibrational mode in the range of frequencies from 2100 to 2400 Hz ͑see Table  I͒ with a shape similar to the first flexural mode of a cantilevered beam. There was no significant difference between the different reeds either in frequency, or in vibration pattern or resonance quality. The picture in Fig. 3 can be considered as a typical one for all reeds independent of their musical quality. The curvature of the interference lines close to the base of the reed is a direct consequence of the boundary condition induced by the form of the contact zone in the vibrating area between the plane face of the reed and the clarinet mouthpiece. When slowly increasing the excitation frequency, only two types of reeds, the ''good'' and the ''very good'' ones, clearly exhibited another marked resonance between 2500 and 5000 Hz ͑see the frequencies with bold-type characters in Table I͒ . The observed pattern is very similar to that of the first torsional mode of a cantilevered plate. This mode seems to be highly sensitive to the geometrical and mechanical reed symmetry: even for very good reeds, the displacement amplitude of the left corner can be about twice the one of the right corner according to the number of interference lines that are readily counted in the example of Fig. 4͑a͒ . Good reeds might even demonstrate vibrational amplitudes that are about four times higher on one side than on the other ͓see Fig. 4͑b͔͒ . We would like to insist on the fact that neither ''very poor'' nor ''poor'' reeds showed a significant resonance for the first torsional mode; i.e., our present excitation scheme was not sufficiently strong to excite this mode markedly for poor quality reeds, while good and very good reeds always demonstrated a strong resonance for the corresponding frequencies even with relative low excitation power.
Going to yet higher excitation frequencies, modes that correspond to the second torsional and second flexural modes of a simply cantilevered plate could be clearly identified. For both poor and very poor reeds, the corresponding frequencies were located in the range from 5700 to 6800 Hz ͑see Table I͒. Figure 5͑a͒ shows a typical vibration pattern of a second torsional mode, while Fig. 5͑b͒ shows the picture of a second flexural mode. For most of the good and very good reeds, the same two vibrational patterns were found in this frequency range. However, two of the seven good reeds exhibited a slightly different vibrational behavior. The lower vibrational resonance was still the image of a pure second flexural mode as the one shown in Fig. 5͑b͒ . The other resonance, however, was the image of a mixed mode pattern resulting from a combination of torsional and flexural movement ͓see Fig. 6͑a͔͒ . Among the set of very good reeds, we like to point out our result for the reed that was unanimously classified by both experts as the very best one: this reed only exhibited one single resonance in the range from 5000 to 7000 Hz; i.e., it was impossible to find two distinctively different vibrational modes corresponding to pure second torsional and pure second flexural modes. Instead, only one strong resonance was observed corresponding to a vibrational pattern that again resulted from a mixture of the second torsional and second flexural modes. In Fig. 6͑b͒ , the vibrational mixed mode pattern that was recorded for this reed is shown. In Table I , all resonance frequencies that were detected under dry conditions are tabulated for all reeds ordered by musical quality categories. In addition, in order to indicate the resonance quality for each of the vibrational modes for all reeds, three different fonts are used: italic, normal, and bold type representing ''hardly detectable,'' ''good,'' and ''very strong'' resonances, respectively. This first series of experiments under dry reed conditions suggests that the ''musical'' quality of a clarinet reed should be closely related to two different characteristics in its vibrational behavior that can quite easily be assessed experimentally: the first and for sure the most important criterion is the existence and the symmetry of the first torsional mode that is highly sensitive to the longitudinal symmetry of the reed for both geometric and mechanical characteristics of the raw material. A second, but less critical quality measure is the proximity of the natural resonance frequencies corresponding to the second torsional and the second flexural modes-a proximity that might produce mixed vibrational modes for the very best quality reeds.
B. Wet reed conditions
To adapt the experimental setup to wet reed conditions, a machine producing cold water vapor using ultrasonic microvalves was employed. After several tests, we concluded that this device is sufficiently efficient to stabilize the level of reed wetness for the natural frequency search, but not for the image recording; i.e., during the exposure time, the reeds changed their geometrical volume so much due to waterinduced swelling or contracting that the mode patterns observed in the previous section became superposed by one or two large interference fringes roughly following the shape of the reeds. Since this volume change of the reeds results in a motion with more or less constant velocity during the exposure time, those fringes exhibit an intensity distribution that can be described by a sinc ͑sin͑x͒/x͒ function, rather than a Bessel function. 4 To eliminate the additional fringes, the AGFA holographic plates were replaced by Kodak SO-253 plates. While the Kodak plates provide a considerably lower quality in picture definition, they only require an exposure time of the order of 7 to 8 s instead of the 40 to 45 s typically needed with the high-resolution AGFA plates. This change was necessary to prevent the reed from drying or swelling too much during the exposure time, and resulted in fringe patterns very comparable to those shown above.
The most obvious change occurring in the vibrational behavior under wet conditions was a significant shift of all natural resonance frequencies toward lower values. This observation is readily explained by the fact that the infiltration of water in the reed material induces both a decrease in reed stiffness and an increase in specific gravity: as expected, the wetter the reeds, the lower their resonance frequencies. However, just how wet does a reed have to be to mimic playing conditions exactly? To answer this question in spite of its apparent complexity, we adopted the following protocol: first, we selected four typical reeds out of our 24-reed sample set of above. Two of those reeds were randomly chosen out of the very poor and the poor musical quality categories. The two others corresponded to the best reed of the good and the best reed of the very good musical quality category; i.e., the last ones listed in Table I for each of those categories. Then, one of the professional musicians joined us in the holography laboratory. The purpose of this very close collaboration was to determine the natural reed frequencies under real playing conditions precisely. To this end, the clarinet player intensively played each of the four reeds to achieve realistic, wet playing conditions, and we experimentally determined their natural frequencies immediately thereafter. In Table II , the resulting resonance frequencies for each observed vibrational mode are presented. The relative frequency shifts suffered by each of those reeds compared to the corresponding values measured under dry conditions just before the musician played them are also shown in Table II. FIG. 6. Typical vibration patterns obtained under dry conditions for a mixed mode resulting from a combination of a second flexural and second torsional vibrational movement ͑a͒ for a good reed and ͑b͒ for a very good reed of our sample set. TABLE II. First four resonance frequencies determined for four typical reeds selected from the four different musical quality categories as classified by two professional musicians ͑see the text for the employed selection criteria͒. The cited frequencies were now measured under wet reed conditions ͑see the text for details͒. ⌬ 2 is the measured frequency difference between the second flexural and the second torsional mode. In parentheses, we give the percentage by that the resonance frequency decreased due to being intensively played by one of the musicians ͑see the text͒. Once these values were known, it was possible to reproduce realistic playing conditions by ourselves at any time, which allowed us to perform an in-depth study of the corresponding vibration patterns under wet reed conditions. The most striking result is a significant down shift of up to 44% in the measured resonance frequencies ͑see Table II͒. The new results concerning the vibration patterns, however, are a direct confirmation of the above conclusions regarding the relationship between vibrational behavior and musical quality: As before, under dry reed conditions, it was impossible for us to excite the first torsional mode for the reeds of the poor and the very poor quality categories, while this mode was always easily excited for the reeds of the good and the very good musical quality categories. Furthermore, the symmetry of the corresponding mode pattern appeared again to increase with reed quality. Differently than under dry conditions, however, the second torsional and the second flexural mode were now always well resolved even for the good and the very good reeds, which resulted in pure vibration patterns as those shown in Fig. 5 . Consequently, no more mixed modes were found under wet conditions in our present sample set. However, the last two modes were still much closer in frequency for the very good reed than for all the others ͑see Table II͒ . The disappearing of the mixed mode patterns under wet conditions can probably be understood in two different ways: either by a frequency shift that is considerably different for the two pure modes due to clearly different mechanical symmetry properties for the longitudinal and transversal reed modes, or by an important change in the mechanical coupling between those two modes under wet conditions.
IV. CONCLUSIONS
First, in good agreement with ''common sense,'' our study unambiguously demonstrates that a clear relationship between the vibrational behavior of clarinet reeds and their ''musical'' quality exists. In consequence, the clarinet reed quality can relatively easily be assessed experimentally using holography or any other experimental technique that allows observing the first three or four vibrational modes and their patterns.
Second, our results clearly show that the sound quality of a clarinet reed is directly dependant on the existence and symmetry of a ''strong'' first torsional mode. A second, but less important criterion to judge the musical quality from the vibrational behavior is the frequency interval between the second torsional and the second flexural mode. For the very best of our reeds, those two frequencies occurred in such a narrow range that the corresponding modes could be simultaneously excited, resulting in the formation of mixed mode patterns. It was further shown that the principal conclusion regarding the importance of the first torsional mode proves to be true for both dry and wet reed conditions. Consequently, it appears preferable to perform holographic quality tests under dry conditions.
We would like to point out that our main conclusion seems to be in excellent qualitative agreement with the empirical observation in many professional orchestras. We showed that the musical quality of clarinet reeds is closely related to the first torsional mode; i.e., its second vibrational mode. Our conclusion is reflected by the clarinetist's intuitive care to protect the corners of his reeds since he knows by experience how important those parts are for the musical quality of his instrument. In accordance, we showed that those corners are actually the vibrating parts of the reeds for the first torsional mode. This observation is in clear contrast to the musician's experience with double reeds, where the corners can even be slightly cut or damaged without any major deterioration of the musical quality. 5 Tentatively, we would like to discuss the physical significance of our conclusions in the following. First, we would like to address the striking difference between the importance of the first flexural and the first torsional mode of the clarinet reed for its resulting musical quality. To this end, it should be remembered that the reed plays the role of a valve controlling the airflow into the instrument. As such, the movement related to the first torsional mode seems to be more efficient than the one of the first flexural one, since the former is located closer to the free tip of the reed inside of the player's mouth ͑see Figs. 3 and 4͒. Consequently, the first torsional mode is much less constrained by the pressure of the player's lips than the first flexural mode, allowing it to vibrate nearly without any restraints even under real playing conditions. In addition, the mass of the wooden part that has to be displaced during reed vibration is much lower for this mode due to the decreasing reed thickness toward the tip, which makes a faster reed response possible. This conclusion concerning a faster response dynamics is further supported by our observation that the curvature with which the reed bends away from the mouthpiece ͑defined as number of interference fringes per millimeter͒, is about 50% higher for the first torsional mode than for the first flexural mode ͓see Figs. 3 and 4͑a͔͒, which again allows a more efficient control of the airflow.
The importance of symmetry of the first torsional mode for high-quality sound production is demonstrated above by our experiments. This conclusion can again be readily understood in terms of efficient airflow control: The more the first torsional mode appears symmetric, the higher the airflow can be for a given constraint by the player's lips ͓compare Figs. 4͑a͒ and ͑b͔͒; i.e., the more this mode is symmetric, the more the air can pass by both reed corners into the clarinet, allowing a faster instrument response as witnessed by our two professional musicians.
Finally, we have to address the delicate question of how the second flexural and torsional mode can have any influence on the musical quality considering that their frequencies are so much higher than the dominant spectrum of musical tones around or below 2 kHz ͑see Tables I and II͒. The mixed modes shown in Fig. 6 are only observed for good and very good reeds. Whenever we witnessed the existence of those mixed modes, they were particularly symmetric as those shown in Figs. 2 and 6 . In this sense, the presence of highfrequency mixed modes could simply be an additional and extremely sensitive measure for the reed's vibrational symmetry that we already discussed above. Alternatively, the existence of those high-frequency modes could favor the responsiveness of the reed as perceived by the players with regard to its transient behavior. In this manner, the highfrequency modes could improve the attack response of the reed and, thus, participate in the creation of the ''woody'' timbre characteristic for the clarinet. Finally, we would also like to point out that the measured frequencies of the secondorder modes are roughly three times higher than the one of the first flexural mode. Consequently, we would like to propose that those high-frequency modes might possibly help to emphasize the second of the well-known odd-numbered harmonics of the clarinet. 6 This interpretation is, of course, very tentative and is actually the subject of further investigations.
As a final point, we hope that reed manufacturers might be stimulated by our present study to produce ''high-quality'' reeds-beside their standard ones-that have been tested for the existence of the first torsional vibrational mode under relatively mild excitation conditions. Such a test does not necessarily have to be performed by holography, but could be automated using a more simple experimental technique such as speckle interferometry, for instance. In addition, reed designers might be inspired by our present findings to accomplish reeds that favor an easy excitation of the first torsional vibrational mode.
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